Researchers have developed a variety of computer -based models to estimate population exposure to air pollution. These models typically estimate exposures by simulating the movement of specific population groups through defined microenvironments. During the summer of 1998 and winter of 1999, researchers with the Harvard School of Public Health ( HSPH ) conducted a field study in Baltimore, MD, to acquire data for improving microenvironmental models. Using a special roll -around instrument system, a technician measured 1 -and 12 -h pollutant concentrations while engaging in scripted sequences of activities typical of retirees. Each scripted activity assigned the technician to a geographic location and to a microenvironment. The technician recorded special conditions associated with each activity ( e.g., open windows, environmental tobacco smoke ) in a real -time diary. Data on ambient pollutant levels, temperature, and other potential explanatory factors were also collected. Eleven pollutants were measured by the roll -around instrument system, including particulate matter with an aerodynamic diameter less than 2.5 m (PM 2.5 ) , ozone, carbon monoxide, and benzene. This article presents the results of statistical analyses performed solely on the 1 -h PM 2.5 data measured by a DustTrak monitor, which ranged from 1.5 to 444.8 g / m 3 with a median value of 14.6 g / m 3 . Results of stepwise linear regression ( SLR ) suggest that PM 2.5 exposure is significantly increased by passive smoking, high ambient PM 2.5 concentrations reported by fixed -site monitors, food preparation, charcoal grills, car travel, outdoor roadside locations, and high humidity. Analysts should explicitly represent the effects of these parameters within any model developed to estimate population exposure to PM 2.5 . In a related study, a panel of volunteer retirees each carried a personal PM 2.5 monitor and a real -time diary for nominal 24 -h sampling periods as they engaged in normal daily activities. A regression equation derived from SLR analysis of the scripted activity database was applied to eight subject -days of diary data provided by the volunteer seniors to produce estimates of PM 2.5 exposure for each event documented in each diary. The event -specific exposure estimates were then averaged over all events in each sampling period to produce nominal 24 -h average exposure estimates. The absolute difference between the estimate obtained from the regression equation and the corresponding personal monitor measurement averaged 13%. The fixed -site monitors generally provided poorer estimates of exposure; the absolute differences for the Old Town and Clifton Park monitors averaged 26.7% and 19.5%, respectively, of the personal monitor values.
Introduction
The U.S. Environmental Protection Agency (EPA ) employs a variety of computer-based models to estimate population exposure to air pollution (Ott et al., 1988; U.S. EPA, 1991; Johnson, 1995 ) . These models typically estimate exposures by simulating the movement of specific population groups through defined microenvironments. The accuracy of the resulting exposure estimates is highly dependent on the validity of the probabilistic algorithms used to estimate pollutant concentrations in each microenvironment. During the summer of 1998 and winter of 1999, researchers with the Harvard School of Public Health (HSPH ) conducted two field studies in Baltimore, MD, to acquire data for improving these algorithms.
In the Scripted Activity Study, trained technicians used a special roll -around instrument system developed by HSPH to measure 1 -and 12 -h pollutant concentrations while engaging in scripted sequences of activities typical of retirees (Chang et al., 2000 ) . The present article provides the results of statistical analyses of PM 2.5 data acquired through the Scripted Activity Study which identify factors that significantly affected the measured 1 -h PM 2.5 concentrations. It also presents models for predicting PM 2.5 exposures that incorporate these factors.
In the Personal Monitoring Study, a panel of volunteer retirees each carried a personal 24 -h PM 2.5 monitor and a real -time diary as they engaged in normal daily activities (Sarnat et al., 2000 ) . The present article compares measured 24-h PM 2.5 exposures reported during the Personal Monitoring Study with 24-h exposure estimates obtained by aggregating short -term exposure estimates obtained from a predictive model developed using data from the Scripted Activity Study.
Methods

Scripted Activity Study
The methodology used in the Scripted Activity Study is described in detail by Chang et al. ( 2000 ) . Briefly, researchers developed a set of 30 activity scripts (15 for summer 1998 and 15 for winter 1999 ), each of which listed a sequence of planned exposure events spanning a 24-h period from 7 pm to 7 pm. Each exposure event corresponded to a defined 1-or 12 -h sampling period. As indicated by the sample script presented in Table 1 , the description of each event specified a geographical district (e.g., Essex ) , a microenvironment ( e.g., restaurant ), and window status for indoor locations in which the technician could open and close windows. In a few cases, the description also specified a personal activity such as cooking. The geographic districts were defined as areas surrounding operating fixed -site monitors. With the exceptions of two outlying sites (Essex and Rivera Beach ), these fixed -site monitors were located within a 4 -mile radius of downtown Baltimore ( Figure 1 ).
Forty specific microenvironments were represented in the scripts. For convenience in constructing the scripts, these specific microenvironments were also classified according to five general microenvironmental categories: indoors Ð residential, indoors Ð other, outdoors Ð near road, outdoors Ð other ( away from road ) , and inside vehicle. Scripted activities assigned to thè`i ndoors Ð residential'' category typically occurred in an apartment located in a high -rise, air conditioned building in downtown Baltimore near the Old Town monitoring site. Specific indoor microenvironments in the``indoors Ð other'' category included a restaurant, post office, hospital, shopping mall, bingo parlor, and museum. The``outdoors Ð away from road'' category included residential yards, parks, and outdoor pools. Thè`i nside vehicle'' microenvironments included a minivan driven by the field technician and occasionally a city bus.
Following the script, a technician used an instrument cart, the``roll -around system'' (RAS ), to measure pollutant concentrations during each exposure event. The RAS consisted of sampling heads attached to a vest worn by the technician which were connected by tubing to instruments housed in a roll -about luggage carrier. The personal sampling heads were positioned at the front of the vest at chest height. The RAS was developed by the Harvard School of Health specifically for this study (Chang et al., 2000 ) .
The technician recorded special conditions associated with each activity (e.g., open windows, environmental tobacco smoke) in a real -time diary. Data on ambient pollutant levels, temperature, and other potential explanatory factors were also collected. One -hour concentration data were collected between 7 am and 7 pm to provide higher time resolution during periods when people tend to change activities more frequently; 12 -h concentration data were collected between 7 pm and 7 am. Sampling began and ended on clock hours to facilitate comparisons with hourly data collected at various fixed -site monitors in the Baltimore area. Eleven pollutants were measured by the roll -around instrument system, including PM 2.5 , ozone, carbon monoxide, and benzene. This article presents results of statistical analyses performed solely on the 1-h PM 2.5 data measured by a DustTrak aerosol monitor (DustTrak Model 8520, TSI, Inc. ). These analyses were preceded by an inspection of the data which omitted 10 1 -h PM 2.5 values because of documented equipment malfunctions. The remaining 350 values were placed in a special database together with concurrent data obtained from the scripts, the activity diaries, two fixed -site PM 2.5 monitors reporting 1 -h data ( Old Town and Lake Clifton ), and local meteorological stations.
The 1 -h PM 2.5 concentrations measured by the DustTrak monitor ranged from 1.5 to 444.8 g/m 3 with a median value of 14.6 g/m 3 ; Chang et al. ( 2000 ) provide statistics for PM 2.5 concentrations by microenvironment. Of the seven values which exceeded 100 g/m 3 , six were measured in potentially smoky indoor locations (a bar or bingo parlor) and one while using an outdoor charcoal grill. The results of statistical analyses performed on this database are presented in the Results section.
The fixed -site monitors at Old Town ( a downtown location ) and Lake Clifton provided 1 -h PM 2.5 data for the summer 1998 study period; 1 -h data for the winter 1999 study period were available only for the Old Town monitor. The mean Old Town PM 2.5 concentration was 22 g/m 3 during the summer scripted sampling periods and 14 g/m 3 during the winter periods. During the summer scripted sampling periods, the mean concentration at the Lake Clifton site was 17 g/m 3 . These concentrations are consistent with recent annual -average PM 2.5 concentrations reported by Bahadori et al. ( 2000 ) for Philadelphia, PA ( 
Personal Monitoring Study
In a related study, researchers with HSPH recruited a volunteer panel of 20 retired nonsmoking adults ( aged 60 years or older ) who were residents of the Baltimore metropolitan area. The subjects were recruited primarily from senior and community centers located throughout the Baltimore area, and each lived in nonsmoking private residence (i.e., either single -family house or apartment ). The mean age of the subjects was 75 years ( 6.8 years ).
The subjects represented a range of socioeconomic backgrounds and geographic locations throughout Baltimore. Sarnat et al. ( 2000 ) provide a map showing the locations of the subject residences relative to the fixed -site monitors which operated in Baltimore during the study. Each subject was asked to wear a specially designed multipollutant air sampler, located within the participant's breathing zone, for 12 consecutive days during one of two sampling seasons ( summer 1998 and winter 1999 ) . Fifteen of the 20 volunteers participated during each sampling season for a total of 360 subject -days of sampling (2 seasonsÂ15 subjects /seasonÂ12 days /subject per season ). The sampler simultaneously measured 24 -h integrated exposures to PM 2.5 , PM 10 , sulfate, ozone, SO 2 , NO 2 , and selected VOCs associated with motor vehicle fuels. Concurrent ambient pollutant data were collected by field staff as well as obtained from area sites maintained by the Maryland Department of the Environment and the US Environmental Protection Agency. Time /activity data for each sampling period were reported using one of two real -time diary formats. In the majority of cases, a``scheduled -entry'' format was used which required the subject to make entries at regular intervals ( typically every 15 min ). In the remaining cases, aǹ`e vent -driven'' format was used which required the subject to complete a separate diary page for each new exposure event. A new exposure event was defined as beginning whenever the subject began a new activity, entered a new location, or observed a change in his or her surroundings (e.g., smokers present, windows open ) . A similar event -driven diary format was used in the Scripted Activity Study discussed above.
Regardless of the diary format used, all subjects of the personal monitoring study were instructed to engage in normal activities during each sampling period. The subjects also completed a household characteristics survey designed to assess residential factors likely to affect exposure ( air conditioning, cooking fuel type, pets, etc. ).
The subject panel reported valid 24 -h PM 2.5 concentrations for 333 of the 360 scheduled sampling periods (168 in the summer, 165 in the winter ). The summer PM 2.5 values ranged from 7.1 to 134.8 g/m 3 with a median of 23.1 g/ m 3 . The winter concentrations tended to be lower with values ranging from 1.8 to 113.1 g/m 3 with a median of 15.4 g/m 3 .
Results
Analysis of Data from the Scripted Activity Study
The database obtained from the Scripted Activity Study contained a variety of parameters relating to the microenvironment where each measurement was made, potential PM 2.5 sources in the microenvironment, ventilation conditions ( e.g., window position ) , special activities ( e.g., outdoor grilling ), temperature and humidity measured by the roll -around system, and outdoor PM 2.5 concentrations and meteorological conditions reported by fixed -site monitoring stations. Researchers used a two-stage statistical approach to identify the parameters within this data set that exhibited the highest predictive power with respect to the measured 1-h PM 2.5 concentrations.
In the first stage of the analysis, researchers performed stepwise linear regression (SLR ) on small subsets of parameters ( 10 or less ) selected from the large pool of candidate parameters. The subsets were constructed such that each of the parameters under investigation was included in one or more subsets. Preference was given to parameters with complete or nearly complete data, as SLR can only be performed on cases that provide a value for each parameter under evaluation. Nevertheless, missing data significantly reduced the sample size available for some of the SLR analyses.
Analysts avoided assigning parameters that were likely to exhibit collinearity (e.g., temperature and absolute humidity ) to the same subset. In addition, analysts checked appropriate diagnostics provided in the SLR outputs (e.g., the variance inflation factor) and restructured subsets that exhibited significant collinearity. In performing the SLR analyses, analysts specified p -to -enter and p-to -exit values of 0.05 for adding and removing variables, consistent with recommendations by Draper and Smith (1981 ) . The parameter (s ) selected into the regression equation by each SLR analysis ( if any ) were compiled into a master list of candidate parameters.
In the second stage of the analysis, SLR was performed on subsets of candidate parameters selected from the master list such that each parameter was included in one or more subsets. Each SLR analysis produced a regression equation that included one or more of the candidate parameters. As before, the sample sizes available for each analysis varied according to the data completeness of the parameters included in the analysis. Table 2 presents the results of two SLR analyses that are representative of the overall results of these analyses. The first entry in the table shows the results of an SLR analysis applied to all valid 1 -h PM 2.5 values. The five parameters selected into the regression equation are listed according to the order in which they were selected. The table lists the regression coefficient of each parameter and indicates the cumulative R 2 value. Definitions of the parameters can be found in Table 3 .
The sign of each regression coefficient provides a directional indicator of the parameter's effect on PM 2.5 , with the caveat that the value of regression coefficient may vary according to the other parameters included in the regression equation. Factors tending to increase PM 2.5 include the presence of smokers in indoor locations ( particularly in a bingo parlor at a local senior center ), the outdoor near-road microenvironment when PM 2.5 concentrations measured at the Old Town monitor are high, and high relative humidity measured at the Essex site. The bar location appeared to reduce the effect of passive smoking ( another variable included in the regression equation) , possibly because of increased ventilation. The regression model based on these variables explained approximately 75% of the variability in the 1-h PM 2.5 concentrations (R 2 =0.747 ). The sample size ( n= 247 ) used in the SLR analysis was less than the total number of valid 1 -h PM 2.5 values (n = 350) because the analysis was restricted to those cases which had complete data for all candidate variables.
As the effects of environmental tobacco smoke (ETS ) tended to dominate other particulate sources, researchers Table 3 .
Prediction of hourly fine-particle exposures from a scripted activity studyrepeated the SLR analysis using 217 1 -h PM 2.5 values collected in the absence of indoor ETS. The second entry in Table 2 presents these results. Factors tending to increase PM 2.5 include high concentrations measured at the Old Town fixed -site monitor ( particularly when the microenvironmental location was outdoors near a road or inside a car ) , high relative humidity measured by the roll -around system, and location =food court. PM 2.5 tended to be lower at the technician's residence (a downtown high -rise apartment ) and during the summer.
The regression model based on these variables produced an R 2 value of 0.576. The two -stage statistical approach was also applied to each of seven data subsets defined by the following general microenvironments: indoors Ð technician's residence, indoors Ð residence, indoors Ð store, indoors Ð other locations, outdoors Ð near road, outdoors Ð other locations, and in vehicle Ð car. Table 4 presents the SLR results for the best predictor (s ) identified for each microenvironment when ETS events were omitted from the analysis. Cumulative R 2 values vary from 0.27 ( indoors Ð store) to 0.84 ( outdoors Ð other location ) based on sample sizes ranging from 15 to 73. The PM 2.5 concentration measured by the Old Town monitor ( OLD-TOWN FSM ) was the most frequent predictor listed (four microenvironments ); absolute humidity ( ABSHUM ) was a close second with three microenvironments. Other predictors listed in Table 4 include the outdoor temperature measured as the Essex station (ESX_TEMP ), visit to a grocery store ( GROCERY ) , visit to a food court ( FOODCOURT ), and grilling outdoors ( GRILLOUT ) .
Overall, the results suggest that PM 2.5 exposure is significantly increased by passive smoking, high ambient PM 2.5 concentrations reported by fixed -site monitors, food preparation, charcoal grills, car travel, outdoor roadside locations, and high humidity. The effects of these parameters should be explicitly represented within any model developed to estimate population exposure to PM 2.5 .
Prediction of Exposures Experienced by Selected Subjects of the Personal Monitoring Study
An investigation was performed to determine whether predictive relationships identified in the Scripted Activity Study could be used to estimate exposures experienced by subjects of the Personal Monitoring Study. As discussed above, each of these subjects carried a personal PM 2.5 monitor and a real -time diary for nominal 24 -h sampling periods as he or she engaged in normal daily activities. Researchers examined event -driven diary data for eight subject -days (two subjectsÂ4 days /subject ) collected during July and August 1998 and identified a set of candidate predictor parameters which also appeared in the special database developed from the scripted activity study described above. ( No ETS -related parameters were included, as the eight subject -days of diary data indicated no instances of active or passive smoking exposure. ) SLR analyses performed on a relevant subset of the scripted activity database ( summer only with smoking events excluded ) produced the regression model ( n =97, R 2 =0.768 ), Equation 1: The addition of other parameters to the model did not substantially improve the R 2 value. ( Note that the analyses were limited to those parameters that appeared in both the scripted activity database and the personal monitoring database. ) Equation 1 includes eight terms expressed as products of an indicator of ambient PM 2.5 concentration (CLFPM) and a binary variable specific to microenvironment. The binary variables are defined such that no more than one variable is equal to 1 for any given exposure event and the remaining binomial variables are equal to zero. Consequently, the coefficients of the product terms provide an indication of the relationship between the PM 2.5 concentration in the microenvironment and the simultaneous PM 2.5 concentration at the Clifton Park monitoring station. The coefficients range from 0.65 ( other indoors) to 1.43 ( other vehicle ) .
Equation 1 [with the residual term ( e ) set to zero ] was applied to the eight subject -days of diary data provided by the senior volunteers to produce an estimate of PM 2.5 exposure for each event documented in each diary. These event -specific exposure estimates were then averaged over all events in each sampling period to produce nominal 24 -h average exposure estimates. The resulting estimates for each sampling period are listed in the far-right column of Table  5. Table 5 also lists the average PM 2.5 concentrations for the subject sampling period as reported by two fixed -site monitors operating in Baltimore during the study (Old Town and Clifton Park ) and the personal monitor carried by the subject. The absolute difference between the estimate obtained from Equation 1 and the corresponding personal monitor measurement averaged 13% of the personal monitor value for the eight subject -days listed in Table 5 . The fixed -site monitors generally provided poorer estimates of exposure; the absolute differences for the Old Town and Clifton Park monitors averaged 26.7% and 19.5%, respectively, of the personal monitor values. The three exposure estimates (regression equation, Old Town monitor, and Clifton Park monitor ) exhibited similar degrees of correlation with the personal monitor values, as evidenced by Spearman rank correlation coefficients that varied from 0.88 to 0.90 (Table 5 ) .
Because of the small sample of subject -days available for this evaluation, these results cannot be considered definitive. With this caveat, the results do suggest that the patterns observed in the PM 2.5 concentrations measured during the scripted activity study can be used to build exposure models applicable to retirees in urban areas similar to Baltimore.
Discussion and recommendations
Most of the stochastic exposure models currently in regulatory use estimate exposures by simulating the movement of specific population groups through spatial zones defined by geographic location and microenvironment. The concentration in a zone at a particular time is typically estimated by an probabilistic algorithm based on a statistical relationship and /or a mass balance model. Ideally, the algorithm will realistically account for all significant factors affecting concentration in the zone. The scripted activity approach was developed as an efficient means of acquiring data useful in identifying these factors. The analyst can construct scripts which provide a wide variety of exposure situations while ensuring that each situation is sampled for sufficient duration to provide a valid concentration measurement. By synchronizing the scripted sampling periods to those of local fixed -site monitoring sites and meteorological stations, the analyst is able to create a coordinated database. The use of real -time diaries provides information on special conditions which occur during the scripted sampling periods. The use of a cart to transport instrumentation enables researchers to monitor several pollutants simultaneously, permitting analysts to identify interrelationships among pollutants.
The principal deficiency of the scripted approach is that it does not provide a true random sample of the exposure situations likely to be experienced by a specified population group. Ideally, exposure data would be obtained by a personal monitoring study using randomly selected subjects. The subjects would carry real -time diaries and pollutant monitors capable of measuring concentrations over short -averaging times (e.g., 1 min ). The CO personal monitoring studies conducted in Denver and Washington by USEPA ( Akland et al., 1985 ) are examples of this type of study. Subjects carried personal exposure monitors (PEMs) which measured CO concentrations at 1-min intervals as they completed event -driven, real -time diaries.
Due to limitations in the available instrumentation, most personal monitoring studies depart from the ideal in that they collect personal air samples over relatively long averaging times ( e.g., 12 to 24 h ). Consequently, each measured concentration may represent more than one exposure situation. Examples of personal monitoring studies characterized by multihour sampling periods include Janssen et al. ( 1998 ) , Clayton et al. ( 1993 ) , and Lioy et al. (1990) .
In this article, we have shown how data acquired through a scripted activity study can complement data acquired through a personal monitoring study. The high time -resolution scripted data provide a means for ( 1) identifying the factors which most affect exposure and ( 2) constructing one or more candidate exposure models which incorporate these factors. Each candidate exposure model can be tested by applying it to activity data obtained from a personal monitoring study and then comparing the resulting exposure estimates with the corresponding measured exposures.
